Abstract During the 2002 seismic sequence in Molise (Italy), the town of Bonefro suffered moderate damage (I MCS ‫ס‬ VII) except for two reinforced concrete (RC) buildings. These buildings are located on soft sediments, close to each other and very similar in design and construction. The main difference is the height: the most damaged one (European Macroseismic Scale damage 4) has four stories, whereas the less damaged (EMS damage 2) has three stories. The M 5.4 shock on 31 October damaged both of them. The second shock on 1 November (M 5.3) increased the damage on the four-story building substantially, just while a 5-min. seismic recording was taken. We analyzed the recorded data by four different techniques: short-time fourier transform (STFT), wavelet transform (WT), horizontal-to vertical spectral ratio (HVSR), and horizontal-to-vertical moving window ratio (HVMWR). All the results agree upon the estimate of the main building frequency before the second shock and upon the shift of frequency due to damage. All the fundamental frequencies (pre-, during, and postdamage) are in the range 2.5-1.25 Hz. The fundamental frequency of the less damaged building was estimated at about 4 Hz.
Introduction
During recent years, many studies paid attention to the relation between damage and the amplitude, duration, and frequency content of the motion at a site (Trifunac and Todorovska, 2000) , the soil-building resonance (Lomnitz, 1999; Takewaki, 2001 ) and the dynamic soil-structure interaction (Ganev et al., 1995; Trifunac and Todorovska, 2000; Wolf and Song, 2002) , the evolution of dynamic characteristics of buildings during and after damaging earthquakes (Trifunac et al., 2001a; Trifunac et al., 2001b; Gallipoli et al., 2003a) , and the energy transferred back to the soil from a vibrating building (Wirgin and Bard, 1996; Gueguen et al., 2000; Gueguen et al., 2002; Mucciarelli et al., 2003a; Tsogka and Wirgin, 2003) .
The aim of this work is to analyze the contribution to damage by soil-building resonance and the shift of building fundamental frequency due to the reduction of structural stiffness caused by damage, taking advantage of the peculiar damage that occurred in the town of Bonefro (Italy) during the Molise, 2002, seismic sequence.
On 31 October and 1 November 2002, two earthquakes, M 5.4 and M 5.3, hit the area at the border between Molise and Puglia in southern Italy. The distribution of the observed intensities for the 31 October shock, M 5.4, is shown in Fig. 1 , according to QUEST (2002) . Figure 1 also reports the epicenter location and focal mechanism of the main shock, following the data published by the National Institute of Geophysics and Volcanology (INGV-Harvard, 2002) . The damage pattern qualified the quake as intensity VII on the Mercalli-Cancani-Sieberg scale (MCS), with one notable exception: the village of San Giuliano di Puglia (IX MCS). The quake there caused a tragedy deeply felt all over Italy: the primary school collapsed, killing 27 pupils and 1 teacher.
Following the M 5.4 shock on 31 October 2002, our group participated in many survey and study activities in the epicenter area, namely, cooperation in the macroseismic survey (QUEST, 2002) , a preliminary study of the causes of damage enhancement in San Giuliano , horizontal-to-vertical spectral ratio (HVSR) microtremor measurements in all the damaged municipalities , and a systematic survey and analysis of the seismic vulnerability and damage characteristics of the building stock of San Giuliano (Dolce et al., 2003) .
During the field trip, a striking damage pattern appeared in the town of Bonefro. A VII degree on the MCS intensity scale was estimated for the whole town, with light damage in the historical center. However, two reinforced concrete buildings suffered heavy damage (Fig. 2) . The two buildings are located on soft sediments, close to each others (10 m) and very similar in design and construction, with the exception of their height (four stories vs. three stories). The M 5.4 shock on 31 October 2002 damaged both buildings: slight damage (European Macroseismic Scale [EMS] damage 1) in the three story building, and substantial damage European (EMS damage 3) in the four story building. The second shock on 1 November (M 5.3) increased the damage level of the two buildings to EMS damage 2 and damage 4, respectively. To investigate a possible cause for the damage difference, during the survey, it was decided to evaluate the frequency of the two buildings by recording ambient noise. The measurement was under way just when the M 5.3 shock took place. As sometimes occurs in science, serendipity helps. By pure chance, it was possible to get the first strong-motion measurement inside an European building while it was suffering heavy damage from an earthquake.
The present paper deals with the following analyses: (1) investigation of the seismic recording on the top floor of the most damaged building using four different techniques, namely, short-time Fourier transform (STFT), wavelet transform (WT), horizontal-to-vertical moving window ratio (HVMWR), and HVSR; (2) an estimate of the fundamental frequency of the less damaged building; (3) investigation of the soil resonance frequency using three different techniques: noise HVSR, strong motion HVSR of seven aftershocks and 1D modeling based on a velocity profile derived from Noise Analysis of Surface Waves (NASW) measurements (Louie, 2001) . 
Building Characteristics and Damage Analysis
The Institute for Public Housing (IACP) of the Province of Campobasso constructed the most damaged building at the beginning of the 1980s. It has a reinforced concrete (RC) framed structure with four stories and two (about 5 m long) by six (about 3 m long) bays. The ground story is partially infilled, having one-sided masonry infilled frames as transverse exterior frames. Internal beams span only in the longitudinal direction, except for two transverse frames having shallow beams like the internal longitudinal beams. In the other direction, the stiffness of the resisting elements is symmetrically distributed with the stiff stair-structure placed in a central position (Fig. 3) . The interstory height is about 3 m. At the ground story, the columns have 0.35 ‫ן‬ 0.35 m dimensions. Infills are made of two layers of hollow brick masonry having a total thickness of about 200 mm and showing poor mechanical characteristics.
As already said, it is particularly interesting to compare the seismic behavior of the building under examination to the nearby three-story building (also constructed by IACP in the 1980s with an almost identical design; Fig. 2 ). While the former one suffered heavy structural and nonstructural damage (damage level 4 according to the EMS98 scale), the latter suffered only slight damage to nonstructural elements. The damage to the four-story building was heavy and extensive at ground level, whereas there was substantially no damage on the upper stories. Structural and nonstructural damage on the ground story also shows a nonuniform distribution in the symmetrical transverse direction. The columns suffered the most important structural damage (weak column-strong beam mechanism). In addition, masonry infills show wide cracking and collapse at ground level. The heavy damage suffered by the ground-floor columns (particularly at the top of the central column of the east side exterior frame) is due to the combined action of cyclic shear and, mainly, of cyclic flexure under axial compression. The latter type of damage is greatly facilitated when hoops are widely spaced and not suitably closed around longitudinal bars, as in the structure under examination (the survey shows that hoops were bent at a 90Њ angle), thus providing an unsatisfactory confinement action.
The availability of pictures before and after the 1 November event allows us to follow-up the damage evolution in the most damaged column (Fig. 4) . According to the supposed type of damage, crushing of the compression zone on both faces of column with spalling of the concrete cover occurred first (after the 31 October event). Subsequently, crushing of the concrete core was accompanied by buckling of longitudinal bars and by hoop failure (after the 1 November event). It is worth noting that, as a consequence of this damage mechanism, there is not only a substantial stiffness degradation, but columns can lose also their ability to carry vertical loads, thus leading to a potential collapse hazard. Further, this type of damage is very common, as shown by the damage distribution observed in RC buildings after destructive earthquakes (Penelis and Kappos, 1997 ). An evaluation of the dynamic characteristics of the most damaged building without accounting for the damage effects is reported by the National Seismic Service (SSN) (2002) . The authors devised an elastic model using the SAP2000 code, where the infills were also considered by modeling them as equivalent struts. The panels either not well connected to the frame structure or having large openings were not taken into account; therefore, only infills in the external transverse frames were considered. Even though the designers considered horizontal forces, beams span in just one direction, the longitudinal (east-west), as usual for building structures without a proper seismic design. When beams are not present, a strip of the tile lintel RC floor models the connection, among columns. The results of the free vibration analysis show that the first two mode shapes are prevailingly lateral (modal mass [MM] equal to about 80%) having a frequency equal to 1.9 and 2.2 Hz, the first in the longitudinal eastwest direction. The third mode is prevailingly torsional having frequency equal to 5 Hz; the fourth and fifth modes are again lateral (MM equal to about 10%) with frequencies equal to 5.9 and 7.1 Hz, respectively.
Seismic Recordings Inside the Most Damaged Building
For the first time in Europe, we recorded the nonlinearity of building dynamic response during a real quake. The main frequency of the taller building decreased because of the reduction of structural stiffness due to damage. The measurements were taken after the damage caused by the 31 October 2002 M 5.4 shock, and before, during, and after the 1 November 2002 M 5.3 shock. The recording consists of 1 min of ambient noise, 3 min of strong motion, and finally 1 min of ambient noise. All the measurements were taken on the stairs on the top floor of the taller building with a 24 bit PRAX A/D converter attached to a Lennartz 3d-Lite seismometer, 1 Hz, 400 V/m/sec gain with a sampling ratio of 125 Hz. The north-south and east-west components correspond to the transversal and longitudinal components, respectively.
Data Analysis to Detect the Fundamental Building
Frequency and the Shift Due to Damage
To recognize the building behavior in static and dynamic conditions and the frequency variation due to damage, we carried out different analyses of the time histories recorded on the taller building.
Short-Time Fourier Transform
To evaluate the effects of the nonlinear behavior of the building under strong input motion, we processed the data using the STFT (Ewins, 1994; Gabor, 1946; Spina et al., 1996) . STFT produces a signal representation in both the frequency and the time domain to observe the variation in time of the spectral properties of the recorded accelerations. The method uses the Fourier transform for small sections of signal using the "windowing" technique. To achieve wellfit results, a large number of points are necessary to pick the time-dependent frequency variations. At the same time, a short temporal window is needed to get a good description of the variations of the dynamic characteristics as a function of time. The right compromise was found to be a 4.096-sec window (512 points), which slides 1.0 sec ahead at each step. Since the most important pieces of information are concentrated at the beginning of the portion of signal considered, a temporal filter was used to damp the points after the first 0.75 sec, so that they quickly achieve negligible values. Figure 5a,b shows the north-south and east-west components of the amplitude of the STFT, normalized to better evaluate the trend of frequency. The amplitude trend of the northsouth normalized component clearly shows the main frequency before the M 5.3 shock to be at about 2.5 Hz. During strong motion, it decreases to about 1.3 Hz and stabilizes after the shock at around 1.9 Hz. The amplitude trend of the east-west normalized component is less clear, probably due to the interference between two modes very close in frequency. Once again, it is possible to read a frequency value before the shock at about 3.2 Hz, a minimum during the shock at about 1.8 Hz, and a final value after the shock at about 2 Hz.
The strong reduction of the fundamental frequency during the maximum seismic input is a consequence of the nonlinear behavior of frame members. High values of seismic forces produce, in correspondence of beams and columns ends, some phenomena, such as plastic mechanisms, crack opening, and slip bonds that increase structural damping and decelerate the oscillation of the building. When the seismic excitation decreases, the nonlinear effects also decrease, and thus the frequency increases again. The final values of frequency are smaller than the initial ones because of the accumulation of damage. Generally, the difference in the shift of the fundamental frequency observed for north-south and east-west components can be ascribed to a different damage level suffered by the building in the two directions. A pronounced directional effect of the seismic shock and a different resistance of building in the two directions can produce different damage levels and collapse modality, as a function of the input angle of the earthquake. In this case, the STFT showed a similar damage level for both northsouth and east-west directions, contained in 48% and 43% of this first frequency shift, respectively.
Wavelet Transform
The second analysis performed on the time histories was WT. We used the WT provided by the Aoyama Gaukin University-Vallen Wavelet software, developed by VallenSysteme GmbH, Germany, and the Aoyama Gaukin University of Tokyo, Japan. Figure 6a shows the WT of the north-south component: before the seismic event, the main frequency is at about 1.5 Hz, during the M 5.3 shock; the frequency trend decreases; and finally, the main frequency becomes 1.3 Hz. Another frequency appears at 4 Hz probably due to a second mode of building vibration. Figure 6b shows the WT of the eastwest component: it is possible to read the frequency before the seismic event at about 2 Hz, and after the M 5.3 shock, the main frequency is at about 1.3 Hz. The main difference is actually at the beginning of the recordings. The signal-to- noise ratio in this window is much worse than in the following.
Horizontal-to-Vertical Spectral Ratio
Recent work shows how HVSR is able to detect the fundamental mode of buildings (Irie and Nakamura, 2000; Castro et al., 1998 Castro et al., , 2000 Chávez-García and Cardenas-Soto, 2002; Volant et al., 2002; Gallipoli et al., 2003a) . The theoretical justifications for the use of the HVSR with noise measurements inside buildings are still unclear, and we believe that more convincing data are needed. A possible explanation of the observed good agreement between HVSR and other system identification techniques might be the following: excluding rocking modes, in the linear domain, without significant soil-structure interaction and considering the building as a 1D damped oscillator, the vertical component of motion is transferred through the building considered as a filter with very high rigidity. On the contrary, the horizontal components undergo significant amplification. Thus, the ratio between vertical and horizontal components has a meaning similar to the HVSR for soils: we divide an amplified component by another one that we assume is mainly unchanged by the propagation across the structure.
We estimated a separate HVSR for each 1 min of recording, as an average of the two horizontal components. The data were band-pass filtered between 0.1 and 25 Hz, detrended, baseline corrected, and tapered. Then we performed FFT on 50 log-equispaced bands per decade, applying the processing methodology proposed by Castro et al. (1990) . The result is shown in Figure 7 . The HVSR of the first minute of ambient noise (before the shock) shows the main peak at 2.45 Hz. The HVSR comprising the M 5.3 shock (second minute) estimates the peak at 1.5 Hz. The HVSR of the third minute contains a smaller quake and shows again the fundamental frequency at 1.5 Hz. The HVSR of the fourth minute, composed of the earthquake coda, estimates the frequency at 1.92 Hz. Finally, the last HVSR of the fifth minute (ambient noise again) yields a 1.92 Hz frequency. The HVSR technique on separate pieces of recording identifies the main vibrational mode of the building and the shift of frequency due to damage with values close to those provided by other techniques.
To complete the HVSR analysis on the two RC buildings, we recorded 5 min of ambient noise on the less damaged three-story building (top floor). The noise recordings were taken after the M 5.3 of the November 1 shock, thus estimating the frequency after the second damaging event. Figure 8 shows the HVSR functions of the two components: the HVSR of the north-south component estimates peak of the main frequency at 4 Hz, and the HVSR of the east-west component shows two main frequencies at 2.5 and 5 Hz. The first minute includes ambient noise before the quake, minutes 2 and 3 comprise the strong motion part, minute 4 is the coda of the earthquake, and minute 5 is again ambient noise. The three story building roughly respects the rule of thumb estimate of frequency as a function of height: Period ‫ס‬ (0.10 ϳ 0.05) ‫ן‬ number of stories.
Horizontal-to-Vertical Moving Window Ratio
To better exploit the capability of the HVSR technique in identifying the frequency shift, a new approach was developed: the HVMWR (horizontal-to-vertical moving window ratio). This technique is a combination of a spectrogram (or evolutionary spectral density, as introduced by Liu 1970) and HVSR. The spectral ratio is represented in the timefrequency space by overlapping moving windows. The frequency-domain transform is a fast Fourier one. It is calculated on a subset of 512 samples with an increment of 12 samples (500 samples overlap) for 100 equispaced frequency values in the range of 0.1-10 Hz. Figure 9a ,b shows the results for both components. Clockwise from bottom left, each figure represents the relevant horizontal component of acceleration, the HVMWR, the average HVMWR (that is the sum over time divided into the number of overlapping windows), and an enlargement of the former at selected frequencies. Figure 9a shows the results for the north-south component. The HVMWR shows that the main frequency before the shock is about 2.5 Hz. The seismic event energizes higher modes, and the fundamental one decreases at around 1.7 Hz. After the strong motion, the main frequency is at 1.9 Hz. The enlargement of the average is centered on the fundamental frequency: the two peaks at 2.5 Hz and 1.9 Hz are evident. The behavior is similar for the ratio between eastwest and vertical components (Fig. 9b) : the HVMWR shows that the main frequency before the shock is about 3 Hz. During the seismic event, higher frequencies are energized, and the fundamental one decreases below 2 Hz. After the strong motion, the main frequency is slightly above 2.0 Hz. The enlargement of the average shows the frequency range from 4 to 9 Hz: besides the higher modes from 7.5 to 8.5 Hz, it is interesting to note a peak just above 4 Hz.
In Table 1 , the frequencies estimated by the four techniques for each component before (F beg ), during (F min ), and after (F end ) the quake are reported. The results estimated by STFT, HVSR, and HVMWR are in good agreement. On the contrary, the frequencies evaluated by WT are slightly underestimated. The agreement among all the techniques appears more clearly by considering the percentage frequency shift, computed as follows: DF max is similar for both components and equal to about 35%. Similar values of the frequency decrease consequent to heavy damage were also evaluated by other authors during postearthquake survey and experimental investigations (e.g., respectively, Trifunac et al., 2001a; Dolce et al., 2001) . It is worth noting that the frequency values found by all techniques (with the exception of the WT technique) for the building after damage are higher than those ones computed in SSN (2003) on the building model before damage. More refined models are under scrutiny (see conclusions), and they will probably be able to take into account more structural details and thus provide a better frequency estimate for the undamaged building. Furthermore, the longitudinal component (east-west) of the damaged building shows a funda- In the analysis of earthquake damage, two important aspects should be considered: (1) if the earthquake carries significant energy near the period of the structure and (2) if the foundation's soft soil has its predominant period near the structure's period. The presence of soft soil (clays) and such peculiar damage has led as to suspect a possible soil-structure resonance. The stratigraphy of the soil involves a layer of clays overlying a very thick marl formation. The depth of the interface has been estimated at about 30 m.
We investigated the fundamental frequency of the soil with three different techniques: noise HVSR, strong motion HVSR of seven aftershocks, and 1D modeling based on a velocity profile derived from NASW measurements. We performed the noise HVSR near the most damaged building and in the historical center using the same instrumentation and processing technique described before. The resulting HVSR shows a main resonance peak at 2.5 Hz, and the noise HVSR performed in the historical center of Bonefro (on a limestone outcrop) shows a flat amplification function in the range of the frequency of interest for buildings (Fig. 10b) . Then we installed a Kinemetrics S2 accelerometer, recording seven aftershocks in the magnitude range 4.2-3.2, with PGA in the 0.1-0.005 g range. The HVSR analysis of these records estimates the resonance peak at 1.8 Hz. These estimates have been compared with that obtained from the 1D model (Fig.  10b ). The V s profile (Fig. 10a) was obtained with a 100-mlong array of vertical geophones. The array recorded 10 min of ambient noise, then we optimized the inversion from the surface wave dispersion curve in the slowness-frequency transform domain (Louie, 2001) . Finally, we modeled the soil response using the computer code EERA (Bardet et al., 2000) . The model evaluated the predominant frequency at 2.4 Hz, in good agreement with the estimates obtained with noise and strong motion HVSR (possibly lower for nonlinearity of soil behavior) (Fig. 10b) . The different measurements and estimates lead to the conclusion that the resonance soil frequency is in the same range as the fundamental mode of the most damaged building before the damage, thus justifying important resonance effects between soil and structure that occurred during the earthquake. The least damaged building, on the contrary, has a fundamental frequency that is almost the double that of the soil.
Conclusions
Due to a fortuitous event, we recorded strong motion inside an RC building while it was suffering damage from an M 5.3 event. It was possible, with four different techniques, to appreciate the lowering of the fundamental mode and its subsequent migration to a value lower than that recorded before damage. This observation lends support to estimates derived from numerical and analogical models. The frequency shift did not move the fundamental mode far enough from the soil resonance frequency, thus giving rise to a soil-building interaction. A nearby similar building, but with a different fundamental frequency, showed less damage. The next step will be the preparation of a more detailed structural model. For this purpose, the Italian Seismic Survey has organized an open test, providing detailed structural information to the engineers willing to test their model on this case history (BOB-Code Project http://adic.deseg.unige. it/anidis2004/Bob-code_invito_a_partecipare.pdf). While this first report is being prepared, about 10 groups from Italy, France, Portugal, and the United States have already agreed to participate. In the near future, it will be possible to know if nonlinear dynamic 3D analyses will explain the results described herein.
